RepA, but in no case has the protein been captured on the hexameric ring were occupied with nucleotide. In the AMPcPP structure, two distinct conformations of in more than one nucleotide-type bound conformation ure 1) containing a twisted, eight-stranded ␤ sheet of complex, and a "product" complex. The putative RNA mixed parallel and antiparallel topology (strands ␤9-␤13 driving region is found in two conformations, depending parallel and ␤14-␤16 antiparallel) flanked by five helices, on the nucleotide binding state. The various structures ␣3-␣7. Despite negligible sequence similarity, the nucleprovide direct evidence for the mechanism of coupling otide binding domain of P4 is strongly similar in structure RNA binding, ATP hydrolysis, and RNA translocation.
to the equivalent domain of RecA (158 residues superThe mechanistic principles found in P4 may be common pose with rms deviation 3.2 Å , superpositions performed to other hexameric helicases.
using SHP [Stuart et al., 1979] ) and other hexameric ATPases, including the T7 helicase (177 residues superposed, rms deviation 3.5 Å ), RepA (155 residues, rms Results and Discussion deviation 3.7 Å ), the N-ethylmaleimide-sensitive fusion protein (NFS) (130 residues, rms deviation 3.3 Å ), and Structure Determinations The initial ADP bound structure was determined by the the bacterial conjugation protein TrwB (150 residues, rms deviation 3.6 Å ). In addition, the nucleotide binding MAD method from selenomethionated full-length protein expressed in E. coli (see Experimental Procedures fold of P4 is strikingly similar to the ␣ and ␤ subunits of F1-ATPase (185 and 180 residues, respectively, superand Table 1 ). The crystallographic asymmetric unit for this crystal form contains three subunits, one half of the posed with rms deviation of 3.6 Å ). The RecA nucleotide binding site is formed from highly conserved catalytic hexameric molecule (hexamers encircle the crystallographic 2-fold axes). Residues 196-206, 300-306, and residues at the tips of parallel ␤ strands. The antiparallel ␤ strands that cap the sheet (strands ␤14-␤16) also the C-terminal segment 322-331 are disordered in all subunits. The refined structure (at 2.0 Å resolution) has have equivalents in F 1 -ATPase, despite no detectable sequence identity. The first 38 residues of P4 form two good stereochemistry, and more than 90% of the residues lie in the most favored region of the Ramachandran orthogonal helices (␣1 and ␣2) assembled into a safety pin-like feature with ␣1 extending toward the neighplot (Laskowski et al., 1993 Table 2 for a full description). Note that all complexes were obtained by cocrystallization rather volved in functions other than the core activity of RNA translocation ( Figure 1C ). The C-terminal region, resithan by soaking into preformed crystals. In every structure cocrystallized with a nucleotide, all six active sites dues 290-331, forms a patch of nonconserved hy- Figure 2B ) and will be important in the discussion that follows. These C-terminal tion to interact with the RNA. The role of residues in RNA translocation cannot be investigated directly for P4 residues are partly disordered (300-305, 322-331), but clear electron density is visible for a C-terminal helix φ12 by site-directed mutations, as the affinity between RNA and P4 is low in vitro (mM dissociation constant (␣7) that is presumably involved in interactions with the capsid shell.
[ 
GAPs [Sprang, 1997]). Arginine fingers are usually not
of these were obtained straightforwardly by cocrystallization, bound substrate proved difficult to capture. conserved in the sequence and can be contributed by different regions of the structure. φ12 P4 appears to Somewhat surprisingly, biochemical analysis (data not shown) revealed that AMPcPP is a more effective inhibihave two arginine fingers, residues Arg272 and Arg279, located on either side of a ␤ hairpin that protrudes from tor of hydrolysis than other so-called nonhydrolyzable analogs (AMPPnP, AMPPcP, and ␥-S-ATP). While one monomer to the next, positioned to interact with the ␥-phosphate of AMPcPP. These arginines are conbound AMPcPP is stable in the absence of Mg 2ϩ (and a P4-AMPcPP structure was readily obtained), at room nected via strand ␤15 to Tyr288, which forms part of an adjacent nucleotide binding site ( Figure 4B ), providing temperature, cocrystallization with Mg 2ϩ provided a crystal structure for loosely bound product (we term this a mechanism to transmit conformational changes between neighboring active sites upon nucleotide binding product state "P"; see Figure 3 ). This demonstrates that, even in the absence of activating RNA, so-called nonhyand hydrolysis. The set of structures assembled reveal that two rewhich we term A or activated conformations (Figure 3) . We also denote the associated protein subunit A or I, gions of the P4 subunit undergo major conformational changes: the RNA binding site (helix ␣6 and loop L2) according to the bound AMPcPP conformation. Although there are no significant differences in the protein and the P loop (Lys131-Gly135). These changes are correlated with differences in the nucleotide binding state. subunits (maximum deviation 0.5 Å ), the different conformations of the bound AMPcPP mean that the proteinIn the complexes of P4 with AMPcPP (both in the presence and absence of divalent cations), the L2 loops and ligand interactions differ significantly. In the A state, the ␥-phosphate of AMPcPP is positioned to be sensed by the following ␣6 helices, between pivot residues Asn234 and Ser252, are in an "up" conformation, whereas, in Arg279 and by the catalytic Glu160, whereas, in the I state, it is too distant from those residues to make direct the P4 diphosphate complexes (P state and ADP-Mg 2ϩ ), they are in a "down" conformation (Figures 3 and 4) . In interactions (Figure 3) . These relatively small differences probably affect catalysis; thus, for F 1 -ATPase, insertion addition, in the AMPcPP complexes, the P loop is folded down to interact with the ␣-and ␤-phosphates of the of the arginine finger into a catalytic site is required for full activity (Nadanaciva et al., 1999), and mutation of nucleotide (we define this as the "relaxed" state). In the ADP-Mg 2ϩ complex, the P loop is rearranged so that Arg279 to Ala abolishes activity of P4 (D.E.K., unpublished data). For this reason, we believe that the A state Ser134 makes an additional hydrogen bond to the ␤-phosphate (see Figure 3) . We define this as the "strained" may be a good model for the catalytically competent state. Fluorescent experiments on F 1 -ATPase suggest conformation, since electron density for the loop in this conformation is less defined. To form this strained conthat full occupancy of the nucleotide binding sites is biologically relevant since, under conditions of maxiformation, the P loop flips up (with residue Asn133 undergoing a displacement of 6.3 Å ), perturbing one end mum turnover, all catalytic sites are occupied, implying that the nucleotide free state is relatively short lived of the L2 loop and causing the ␣6 helix to pivot forward and down into the channel (Figures 4 and 5 In contrast, the L2 loop-␣6 helix region has a wellthe substrate analog binds in a conformation similar to that adopted by the product (Figure 3) . We term this the defined internal structure and at least two preferred positions. This segment might act as a locating pin, which inactive state (I) since, in the absence of RNA, the activity of the enzyme is low (Kainov et al., 2004) . However, in engages the RNA backbone and possesses sufficient internal rigidity to allow the efficient transmission of meabsence of divalent cations, significant differences in the conformations of the bound AMPcPP occur in the chanical force to drive the RNA along the axis of the hexamer cavity in response to ATP hydrolysis. Binding crystallographically independent catalytic sites. AMPcPP is bound with full occupancy in all subunits but assumes of ATP appears to lock the L2 loop and ␣6 helix in the up configuration, where it is ideally situated to engage one of two conformations. One third of the subunits adopt the I state, while the remainder adopt a state the incoming ssRNA. Upon ATP hydrolysis, the P loop Table 2 Table 2 Table 2 ).
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